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Abstract

Systematic measurements of the concentrations of cosmogenic 41Ca (half-life = 1.04 × 105 yr) in the Apollo 15 long

core 15001-15006 were performed by accelerator mass spectroscopy. Earlier measurements of cosmogenic robe, HC, 26A1,

36C1, and 53Mn in the same core have provided confirmation and improvement of theoretical models for predicting

production profiles of nuclides by cosmic ray induced spallation in the Moon and large meteorites. Unlike these nuclides,

4_Ca in the lunar surface is produced mainly by thermal neutron capture reactions on 4°Ca. The maximum production of

4_Ca, about I dpm/g Ca, was observed at a depth in the Moon of about 150 g/cm 2. For depths below about 300 g/cm 2,

alCa production falls off exponentially with an e-folding length of 175 g/cm _. Neutron production in the Moon was

modeled with the Los Alamos High Energy Transport Code System, and yields of nuclei produced by low-energy thermal

and epithermal neutrons were calculated with the Monte Carlo N-Particle code. The new theoretical calculations using these

codes are in good agreement with our measured 4_Ca concentrations as well as with 6°Co and direct neutron fluence

measurements in the Moon.

Keywords: cosmogenic nuclide; thermal neutron; production rate; lunar soil

1. Introduction

Reedy and Arnold developed a simple semi-em-
pirical model for calculating the production rates of

various cosmogenic nuclides made by high-energy

" Corresponding author. Fax: +1 510 486 5496. E-mail:

kuni @ssl.berkeley.edu

i Present addresses: Department of Nuclear Physics, Comenius

University, SL-84215 Bratislava, Slovakia; and EAWAG, CH-

8600 Duebendorf, Switzerland.

spallation reactions as a function of depth in the

Moon [1]. The model was later expanded and also

used for studies of exposure histories of meteorites

and other bodies [2]. Neutron-capture reactions in the

Moon were modeled with the ANISN computer code

by Lingenfelter et al. and Spergel et al. [3,4]. A new
model is now being used for the calculation of

cosmogenic-nuclide production rates in the Moon

and meteorites by both spallation and neutron-cap-

ture reactions that is based on the Los Alamos High

Energy Transport (LAHET) Code System [5,6].

0012-821 X/97/$17.00 Copyright © 1997 Elsevier Science B.V. All rights reserved.
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Unlike other cosmogenic nuclides, th_ majority of

41Ca (half-life = 1.04 x l0 s yr) in the lunar surface

is produced by the capture of low-energy, thermal
(~ 0.02 eV) and epitherma] or resonance (~ 0.1-

40 ¢.-, - "41
1000 eV), neutrons via the t_a_.n,y) Ca reaction

instead of high energy spallation reactions. The ther-
mal neutron cross section for this reaction is 0.43

barns [7] and calcium captures ~ 10% of thermal

neutrons in lunar material of average composition
[8]. The measurement of _TCa in lunar cores allows

us to explore the production versus depth relation for

a cosmogenic radionuclide that is produced almost

entirely by the capture of thermal neutrons. The only

other information concerning reactions of thermal
neutrons in well documented lunar samples come

from the Apollo 17 Lunar Neutron Probe Experiment
(LNPE) for the z3_U fission and I°B(n,o_)TLi reac-

tions [9] and 59Co(n,-/)6°Co measurements [10]. The

thermal neutron capture production rates or profiles
in some meteorites were also measured for 6°Co

([11,12,14],

Y. Nakamura, pers. commun., 1978) S_Ni [15], 41Ca

[12,16-18], and 36CI ([12,19,20], Y. Nakamura, pers.

commun., 1978). However, the determination of ab-

solute depth scales in meteorite studies is much more

complex and uncertain than that for lunar cores. A
depth profile of 41Ca was measured in the surface

layers (top 16 g/cm 2) of lunar rock 74275 [21] to

study the flux of solar protons from the spallation
production of _1Ca from titanium.

The depth profile of neutron-capture-produced
4tCa mimics the acute sensitivity of the fluxes of

low-energy (thermal and epithermal) neutrons to

depth, composition, and effective radius of the irradi-
ated body (e.g. [4]). Knowing the 41Ca production

rate versus depth profile will allow the use of 41Ca in

determining sample locations and meteoroid radii. A

detailed kn0wledge of the depth profile for neutron-

capture reactions is also very important for the deter-

mination of elemental composition of planetary sur-

faces using gamma rays made by neutron-capture
reactions [8,22] .....

The nuclear processes involved in the interaction

of high-energy galactic cosmic ray (GCR) particles,

which penetrate deep inside the irradiated body and

produce a large number of secondary particles, were

numerically simulated in detail by the LAHET Code
System (LCS) [23], which is a system of 3D Monte

Carlo particle production and transport codes. The

transport of high-energy particles is done with the

LAHET code, and neutrons with energies below a

cut-off energy of 15 MeV are further transported to
thermal energies (~ 0.02 eV) by the Monte Carlo

N-Particle (MCNP) code [24]. LCS, together with its

adaptations to planetary applications, are described

in [25]. LCS has been used to calculate cosmogenic

nuclide production rates both in meteorites and lunar

samples and gave results that are almost always in

good agreement with experimental data [5,26]. This

model has also been used to calculate successfully

the production rates Of cosmogenic nuclides in the

Earth's atmosphere and on the terrestrial surface
[27].

Deep lunar drill cores are the best samples avail-

able for the study of the GCR production profile.
Earlier measurements of _°Be (half-life = 1.5 × 10_

yr), IZc (5730 yr), 26A1 (7.05 X 105 yr), 36C1 (3.01 X

105 yr), and 53Mn (3.7 × 10_ yr) in the same Apollo

15 deep core [28-31] have provided confirmation

and improvement of theoretical models [1,2] for

production of these and other nuclides by cosmic

ray-induced spallation in the Moon and in large

meteorites. Lunar samples have been exposed at a
known location in the solar system (1 A.U.) and

have been exposed at accurately known shielding

depths and geometries. Among the three Apollo deep
drill cores, 15001-15006, 60001-60007, and

70001-70009, the Apollo 15 core is the best for

cosmogenic nuclide studies because it is the least
disturbed core. The other two cores are less suitable.

The Apollo 16 long core had poor extraction during
coring recovery of the core was incomplete [32] and

the Apollo 17 long core had a recent large cratering
event followed by a filling of surface material [33].

We report here a series of systematic measure-
ments of 4_Ca concentrations in the Apollo 15 drill

core. Theoretical calculations with LCS, especially

MCNP, of depth profiles of low-energy neutrons and

the rates for nuclear reactions, such as neutron cap-

ture, that they induce are presented and compared
with available data sets.

2. Experiment and results

Nine soil samples were selected from the Apollo

15 drill core 15001-15006. The sample depth cov-
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ered was from the surface to 218 cm (388 g/cm2).

Each soil was dissolved with HF/HNO 3 mixture
and used for the previous roBe, -6AI, and 36C1 mea-

surements [29,30]. After Be, A1, and CI extraction,

Ca was separated from each of the remaining solu-

tions by anion and cation exchange column from the
solution. After the Ca concentration was measured in

the separated fraction, Ca cartier was added in order

to provide a sufficient amount of Ca for preparation

of the accelerator mass spectroscopy (AMS) target.

Ca oxalate was precipitated from the solution by 4%

ammonium oxalate. The Ca oxalate was ignited in a

small quartz vial to form CaO. The CaO was con-

verted to Call 2 for use in the AMS ion source. The
4_Ca measurements were performed at the University

of Pennsylvania AMS facility using established pro-

cedures [34]. The 41Ca standard was prepared from

the neutron irradiation of commercial Call 2 and had
a _lCa/4°Ca value of (5.41 + 0.50)× 10 -12 calcu-
lated from neutron flux and thermal neutron cross

section. The standard was typically measured by
AMS to within 95% of the nominal ratio.

The measured 41Ca/4°Ca ratios ranged from
1.5× 10-13 to 1.9× 10 i2. The chemical blank,

prepared in an identical fashion starting from the Ca

carrier solution, gave a 41Ca/4°Ca ratio of
5 x 10 -_s. The measured ratios were normalized to

the 4_Ca standard. The results are shown in Table 1

along with the sample's depth and the Ca and Fe

chemical composition [29]. Each quoted error repre-

sents the quadrature of the [o" AMS measurement
error (2-6%) and errors in the Ca atomic absorption

spectrometry measurements (3%), but excludes the

uncertainty of the absolute activity of the standard
(9.2%).

The weights of samples shown in the table are

different from the previous reports on 1°Be, 26AI, and
36C1 measurements because the Ca was extracted

from a fraction of the remaining solution. Each

weight was calculated to be equivalent to that of the

original sample times the Ca fraction used here. The

average chemical composition of the core sample is
0.238% K, 7.39% Ca, 1% Ti, and 12.0% Fe. The

deepest sample, I5001,361, shows a quite different

chemical composition from the average, containing

relatively low K (0.154%) and Ca (6.17%) but high
Fe (14.7%).

3. Discussion

Fig. 1 shows the measured depth profile of 4_Ca

in the Apollo 15 drill core. Two facts are immedi-

ately apparent. First, the peak production occurs at a
depth of ~ 150 g/cm 2, which corresponds to the

peak low-energy neutron flux as observed at the
Apollo 17 site by the LNPE [9]. This is much deeper

than the peak _roduction (~ 40 g/cm 2) of spallation
6 53

nuclides like _ A! [I,35,30] or Mn [28] by galactic

cosmic ray particles. Second, the absolute production

at the peak, close to 80 dpm/kg, is far higher than

expected for spallation reactions in samples of this
composition [1]. The measured 4_Ca concentrations

in small iron meteorite falls [36] and in the metal

Table 1

_lCa results in the Apollo 15 deep drill core

Sample Depth Depth Weight Ca _ Fe '_ 4_Ca 4_Ca h

(cm) (g/cm 2) (mg) (c_) (c/_) (dpm/kg) (dpm/g Ca)

15006

15006

15005

15005

15004

15003

15002

15002

15001

267 2.6 4.2 33.3 7.30 I 1.8 22.9 ± 1,0 0.289 ± 0.014

266 25.6 41.9 42,8 6.92 12.2 40.1 ± 1.5 0.557 ± 0.022

463 41.3 68.1 40.5 7.17 I 1.7 61.4 ± 3.7 0.840 ± 0.052

462 64.3 110.1 45.7 7.13 11.5 72.0 ± 3.8 0.998 ± 0.054

2[4 93.0 162.2 71.6 7.52 12.3 79.7 ± 2.7 1,052 ± 0.035

673 125.3 220.4 119,2 8.23 12.0 72,8 ± 2.7 0.880 ± 0.033

582 165.0 290.8 !97.4 7.23 12.1 50.6 ± 1.8 0.697 ± 0.025

581 191.7 336.3 223.8 7.61 12.0 41.6 ± 2.3 0.545 ± 0.030

361 217.7 387.8 296.7 6.17 14.7 25.0 ± 1.0 0.403 ± 0.017

" From [29].

b Low-energy neutron production by the 4°Ca(n,y)41Ca reaction.
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phase of larger chondrites [ 16,37] indicate that 41Ca

production from spallation alone ranges from 24 +_ 1

to 21 + 2 dpm/kg Fe, respectively. Extrapolation to

the lunar surface would reduce this amplitude by

about a factor of 2, which would then correspond to

a contribution of ~ 1.4 dpm/kg due to iron in the

Apollo 15 core (12.0% Fe). The spallogenic 41Ca in

the core is calculated to decrease from about 1.8

dpm/kg at the surface to 0.I dpm/kg using the

Reedy-Arnold model [1]. Thus our measured peak

activity of 4tCa is _ 50 times larger than expected

by spallation reactions alone.

The low-energy neutron-capture production of

4_Ca is calculated by subtracting the spallation con-

tribution from the measured activity. The low-energy

neutron-capture 41 Ca concentration normalized to the

Ca content, dpm 4_Ca/g Ca, of each sample is

shown in the last column of Table 1 and in Fig. 2.

The deepest sample, 15001,361, shows values for

both 36C1 [29] and 41Ca that fall below a semi-log

straight line when expressed as dpm/kg sample

(Fig. !). Using a unit of specific activity, dpm/g Ca,

the value moves up to the straight semi-log relation-

ship. The significantly lower Ca content of this

sample than the mean value explains this result. The

low 36CI in this sample was also explained by a

lower Ca content [29].

The _°Co (half-life = 5.27 yr) activities measured

by Wahlen et al. [10] in the Apollo 15 long core

(Fig. 4) are also consistent with our 41Ca data,

although complications due to strong 59Co neutron-

50

.¢
20

10 100

t 41Ca

i i a t i I , h i , t I i

200 300 400

Depth (g/era21

Fig. I. Measured 4'Ca actMties in the Apollo 15 drill core

15001-15006. The error bars include + Io" AMS measurements

and chemical analysis of Ca and exclude error of absolute activity
of the 41Ca standard (+ 9.2%).

I

0_1

41Ca i

• Experimental data • _"_1 ]

Calculated

100 200 300 4OO

Depth(_cm z)

Fig. 2. Low-energy neutron produced ,_lCa activities in the Apollo

15 drill core. The experimental data have been normalized to Ca
concentrations after subtraction of small amounts of spallation

contribution (see text). The solid line is the calculated production

rate using the LAHET Code System, assuming "_1Ca from 4°Ca

(n.7) reaction.

capture resonances at epithermal energies and varia-

tions in cosmic-ray fluxes over the 11 year solar

cycle make this comparison less direct. The 41Ca

data show a peak position and curve shape in good

agreement with the 235U fission rate curve (Fig. 5) of

Woolum and Burnett [9].

Except possibly for the near-surface (4.2 g/cm 2)

sample, we believe that the 4_Ca results presented

here are unaffected by 'gardening' of the lunar re-

golith on this time scale [38]. Although it is known

that the top ~ 3 g/cm 2 or more were lost during or

subsequent to sampling, based on solar cosmic ray

(SCR)-produced __2Na profiles [39], the near-surface

sample, 15006,267, depth 4.2 g/cm 2, also contains

SCR-produced 2_AI [30]. 4tCa is also produced via

4_K(p,n), 42Ca(p,pn), and Ti(p,x) reactions by SCR

panicles. In a study of lunar basalt 74275 (7.6% Ti

content), the SCR production of 4tCa was shown

[21] to be no larger than 10 dpm/kg on the surface

and is exhausted at depths greater than 5-8 g/cm 2.

Moreover, the SCR-produced 4_Ca in sample

15006,267 is low because of the low isotopic abun-

dance of 41K (6.73%) and 42Ca (0.647%) and the

low elemental abundance of K (0.225%) and Ti

0%). Some of the 41Ca observed in 15006,267 was

produced by high-energy GCR panicles. As indi-

cated above, the 4_Ca production rate by spallation is

calculated to be about 1.8 atom/kg, rain at the

depth of 4 g/cm z, much lower than the observed
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activity of 22.9 + 1.0 dpm/kg. Hence, we conclude
that the majority of 4t Ca in near surface samples is

produced by low-energy neutron capture. It is, how-
ever, possible that the near-surface sample 15006,267

is somewhat affected by mixing with deeper mate-

rial, resulting in an enhanced 41Ca content.

The e-folding attenuation length for the produc-
tion of 4_Ca from thermal neutron capture is 175

g/cm z for depths larger than about 300 g/cm 2. A

similar result is observed in the Apollo 17 LNPE
data for the fission of 23SU (shown in Fig. 5). In both

cases, the LCS-calculated lengths, discussed below

for pure exponential attenuation for depths beyond
300 g/cm 2, is also 175 g/cm 2. This e-folding length,
which characterizes the reduction in 41Ca production

from low-energy neutron reactions and, conse-

quently, the attenuation in the lunar thermal neutron

flux, is similar to the e-folding lengths of 173-177

g/cm 2 measured in the Apollo 15 core for spallo-
genic production of 1°Be, 26AI, and 53Mn [28-30]

but is slightly shorter than the e-folding length of
190 g/cm 2 observed for 36C! [29].

3.1. Theoretical calculations

We compared our and similar measurements for

products of neutron-capture reactions with two dif-
ferent sets of theoretical calculations, those of Lin-

genfelter et al. [3] (often used for such reactions) and

the ones that we did using LCS. LCS uses a different

sets of computer codes that have been developed
since the work of [3] and has worked well with

cosmogenic nuclides made by spallation reactions.
Lingenfelter et al. [3] modeled the lunar neutron

fluxes, spectra, and capture rates as a function of the

macroscopic cross section. An effective total macro-

scopic capture cross section, "_eJf, for the Apollo 15
drill core is calculated to be 0.0080 cm2/g using the

average chemical composition of the core, including
14 ppm Sm and 19 ppm Gd. Lingenfelter et al. [3]

calculated the peak (~ 150 g/cm 2) neutron capture

rate for a 100 barn I/v cross section as a function of

the effective total macroscopic cross section (their

fig. 6). Using the value of 0.0080 for _erf in Apollo

15 core and a I/v thermal cross section for Ca of
0.43 barn [7], we calculate from [3] the peak steady-

state decay rate (or production rate) of 41Ca to be

0.88 dpm/g Ca, which is ~ 15% lower than the
observed value.

For the LCS calculations, the target body was

simulated as a sphere with the radius of the Moon,
1738 km. Irradiation of the lunar surface was simu-

lated with an isotropic GCR omnidirectional particle

flux of 4.56 nucleons/s • cm 2, with an energy distri-

bution corresponding to the GCR primary particle

flux averaged over a solar cycle [26]. The only
normalization made to the LCS calculations was the

incident flux, which was obtained by fitting cosmo-

genic radionuclides in the Apollo 15 deep drill core

[26]. As the particle fluxes are strongly depth depen-
dent, the outer (surface) part of the sphere was
divided into concentric shells with a thickness of

6 g/cm 2. In each shell proton and neutron fluxes
were calculated. Statistical errors of the calculated

fluxes, running 100,000 primary GCR particles, were
less than 3%.

We started our calculations with the study of

depth and energy dependencies of neutron yields.

The total neutron yield calculated by LAHET is

(29.3 +0.15) neutrons per primary GCR nucleon,
and (15+_0.1) of them are produced or slowed

below the 15 MeV energy cut-off for neutron trans-

port by LAHET. Similar neutron yields were re-

ported by [40]. The depth distributions of neutrons

produced with energies above and below 15 MeV
and their sum are presented in Fig. 3. The depth

distribution of the source neutrons with energies
below 15 MeV exhibits a shallow maximum at a

depth of ~ 40 g/cm 2 and decreases exponentially at

greater depths, with an e-folding length of

165 g/cm 2. This neutron source profile is similar to
those used in earlier calculations [3,4]. However, this

source e-folding length is not that for the lunar
thermal-neutron flux because source neutrons (~

0.1-15 MeV) undergo much scattering in the

volatile-poor Moon before they are thermalized (~
0.02 eV).

Running MCNP with the above source neutron

spatial and energy distribution, differential fluxes of
thermal and epithermal neutrons were calculated.

Having calculated these final (equilibrium) neutron

fluxes, the rates of the reactions investigated were

calculated .by integrating over energy the product of

these fluxes with corresponding cross sections taken

from the ENDF/B-VI library [41], which is coupled

with MCNP. Several calculated profiles are pre-

sented in Figs. 2, 4 and 5. The good agreements
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/-_ Neutron production in Moon

_ Or 6 _

i T_tal
k - M,_ ....--'-_ E' <1. MeV

100 200 300 400

Depth (g/cm 2)

Fig. 3. Neutron production by GCR particles vs. depth in the

Moon. The depth distributions of neutrons produced with energies

above and below 15 MeV and their sum are presented.

23SU fission "

o / '--._% ,

0.8 _'

0.6 • Experimental data ]

W,,w, lum and Bumett (1974)

Calculated

100 200 300 400

Depth(g/clll a )

Fig. 5. Calculated fission rate for 23_U (solid line) vs. depth

compared with 23SU fission rates measured in the Lunar Neutron

Probe Experiment [9].

between the calculated depth profiles and the mea-

sured data a°Ca(n,"/)_lCa and 59Co(n,y)6°Co [10]

are presented in Figs. 2 and 4. We do not know why
the deeper measured 4tCa points are to the left of the

calculated curve in Fig. 2 while the 23SU fission

measurements and calculations in Fig. 5 show no

such displacement. As noted above, LCS reproduces

well the observed attenuation lengths of these two
reactions. The capture rate for 35CI(n,T)36CI was

also calculated, and the 36C] depth profile is identical

with that of 4°Ca(n,y)41Ca but is (atom/min. g. C1)

88 times larger, due to the larger thermal cross
section of 35C1. For the 235U fission rate in Fig. 5,

the agreement between the Lunar Neutron Probe

Experiment data [9] and calculations is very good.

20(

T 6°Co

-- Calculated

lO_I_ ........................

0 100 200 300 400

Depth(g/cm2_

Fig. 4. Calculated neutron capture rates of 6°Co (solid line) vs.

depih compared with the ineasured activity of 6°Co in the Moon

[t0].

There is a similarly good agreement of LCS calcula-
tions [22] with the results of the LNPE [13] for the
lO_/ "7

_,n,a) Li reaction.

4. Conclusions

Measurements of 41Ca in nine samples from the

Apollo 15 deep drill core from very near the lunar
surface (4 g/cm 2) to a depth of 388 g/cm 2 have

been performed using AMS. The dominant produc-
tion mode for 4_Ca is via thermal neutron capture on

4°Ca. Following minor corrections for the spallo-

genie production channel, the resultant 4_Ca depth

profile in the Apollo 15 core maps the development

and intensity of the thermal neutron flux in the
Moon. A peak 41Ca production of 80 dpm/kg (or

1 dpm/g Ca) occurs at a depth of 150 g/cm 2 (about

90 cm), which precedes an exponential fall-off in
production with an e-folding length of 175 g/cm 2.

This is in contrast to the behavior in the production

of spallogenic nuclides in the Moon, where produc-
tion peaks at ~ 40 g/cm 2. Most spallogenic nu-

clides also attenuate with e-folding lengths of ~ 175

g/cm 2.

Our 41Ca profile shows good agreement with

calculations based on the LAHET Code System.
These calculations were extended to other lunar ther-
mal neutron data sets for 6°C0 and the LNPE data for

the 235U fission rate, with both also exhibiting good

agreement. The successes observed in modeling these
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low-energy and thermal neutron reactions augers well

for the application of LCS to other neutron-capture

reactions, such as for meteorite shielding and size

studies, planetary elemental mapping studies using

gamma rays following neutron capture, and estimat-

ing neutron corrections for spallogenic nuclides such

as 36C1.

Acknowledgements

This work was supported by NASA grant NAG
9-33, NAGW 3514, and NASA Work Order W-

18,284, and was partially performed under the aus-

pices of the U.S.D.O.E. by LANL under contract
W-7405-ENG-36. [MK]

References

[I] R.C. Reedy, J.R. Arnold, Interaction of solar and galactic

cosmic-ray particles with the moon, J. Geophys. Res. 77

(1972) 537-555.

[2] R.C. Reedy, A model for GCR-particle fluxes in stony

meteorites and production rates of cosmogenic nuclides,

Proc. Lunar Planet. Sci. Conf. 15th, J. Geophys. Res. 90

(1985) C722-C728.

[3] R.E. Lingenfelter, E.H. Canfield, V.E. Hampel, The lunar

neutron flux revisited, Earth Planet. Sci. Lett. 16 (1972)

355-369.

[4] M.S. Spergel, R.C. Reedy, O.W. Lazareth, P.W. Levy, L.A.

Slatest, Cosmogenic neutron-capture-produced nuclides in

stony meteorites, Proc. Lunar Planet. Sci. Conf. 16th, J.

Geophys. Res. 91 (1986) D483-D494.

[5] R.C. Reedy, J. Masarik, K. Nishiizumi, J.R. Arnold, R.C.

Finkel, M.W. Caffee, J. Southon, A.J.T. Jull, D.J. Donahue,

Cosmogenic-radionuclide profiles in Knyahinya (abstract),

Lunar Planet. Sci. 24 (1993) I ]95-1196.

[6] J. Masarik, R.C. Reedy, Effects of meteoroid shape on

cosmogenic-nuclide production rates (abstract), Lunar Planet.

Sci. 25 (1994) 843-844.

[7] S.F. Mughabghab, M. Divadeenam, N.E. Holden, Neutron

resonance parameters and thermal cross sections, Part A,

Z = 1-60, in: Neutron Cross Sections 1, Academic Press,

New York, 1981.

[8] R.C. Reedy, Planetary gamma-ray spectroscopy, Proc Lunar

Planet. Sci. Conf. 9 (1978) 2961-2984.

[9] D.S. Woolum, D.S. Burnett, In-situ measurement of the rate

of 235U fission induced by lunar neutrons, Earth Planet. Sci.

Lett. 21 (1974) 153-163.

[10] M. Wahlen, R. Finkel, M. Imamura, C. Kohl, J. Arnold, 6°Co

in lunar samples, Earth Planet. Sci. Lett. 19 (1973) 315-320.

[11] P.J. Cressy Jr., Cosmogenic radionuclides in the Allende and

Murchison carbonaceous chondrites, J. Geophys. Res. 77

(1972) 4905-4911.

[t2] H. Mabuchi, Y. Nakamura, H. Takahashi, M. Imamura, Y.

Yokoyama, Cosmogenic radionuclides in the Allende mete-

orite (abstract), Meteoritics 10 (1975) 449.

[13] D.S. Woolum, D.S. Burnett, M. Furst, J.R. Weiss, Measure-

ment of the lunar neutron density profile, Moon 12 (1975)

231-250.

[14] J.C. Evans, J.H. Reeves, L.A. Rancitelli, D.D. Bogard, Cos-

mogenic nuclides in recently fallen meteorites: evidence for

galactic cosmic ray variations during the period 1967-1978,

J. Geophys. Res. 87 (1982) 5577-5591.

[15] P.J. Cressy Jr., J.P. Shedlovsky, Cosmogenic radionuclides in

the Bondoc meteorite, Science 148 (1965) 1716-1717.

[16] J. Klein, D. Fink, R. Middleton, S. Vogt, G.F. Herzog, 41Ca

in the Jilin (H5) chondrite: a matter of size (abstract),

Meteoritics 26 (1991) 358.

[17] K. Nishiizumi, J.R. Arnold, D. Fink, J. Klein, R. Middleton,

41Ca production profile in the Allende meteorite (abstract),

Meteoritics 26 (1991) 379.

[18] D. Fink, J. Klein, B. D'Arjomandy, R. Middleton, G.F.

Herzog, A. Albrecht, 41Ca in the Norton County aubrite

(abstract), Lunar Planet. Sci. 23 (1992) 355-356.

[19] K. Nishiizumi, D. Elmore, P.W. Kubik, J.R. Arnold, Depth

variation in cosmogenic radionuclide production in very large
meteorites: Allende and DRP78002-9 (abstract), Lunar Planet.

Sci. 17 (1986) 619-620.

[20] D.D. Bogard, L.E. Nyquist, B.M. Bansal, D.H. Garrison, H.

Wiesmann, G.F. Herzog, A.A. Albrecht, S. Vogt, J. Klein,

Neutron-capture 36C1, 41Ca, _6Ar, and _5°Sm in large chon-

drites: Evidence for high fluences of thermalized neutrons, J.

Geophys. Res. 100 (1995) 9401-9416.

[21] J. Klein, D. Fink, R. Middleton, S. Vogt, G.F. Herzog, R.C.

Reedy, J.M. Sisterson, A.M. Koehler, A. Magliss, Average

SCR flux during past 10 r years: inference from 41Ca in lunar

rock 74275 (abstract), Lunar Planet. Sci. 21 (1990) 635-636.

[22] J. Masarik, R.C. Reedy, Gamma ray production and transport

in Mars, J. Geophys. Res. 101 (1996) 18891-18912.

[23] R.E. Praet and H. Lichtenstein, User guide to LCS. The

LAHET Code, Los Alamos Natl. Lab. Rep. LA-UR-89-3014,

1989, 76 pp.

[24] J.F. Briesmeister, MCNP--A general Monte Carlo N-Par-

ticle transport code, Version 4A, Los Alamos Natl. Lab. Rep.

LA-12625-M, 1993, 693 pp.

[25] J. Masarik, R.C. Reedy, Effects of bulk composition on

nuclide production processes in meteorites, Geochim. Cos-

mochim. Acta 58 (1994) 5307-5317.

[26] R.C. Reedy, J. Masarik, Cosmogenic-nuclide depth profiles

in the lunar surface (abstract), Lunar Planet. Sci. 25 (1994)

1119-1120.

[27] J. Masarik, R.C. Reedy, Terrestrial cosmogenic-nuclide pro-

duction systematics calculated from numerical simulations,

Earth Planet. Sci. Lett. 136 (1995) 381-396.

[28] M. Imamura, R.C. Finkel, M. Wahlen, Depth profile of _3Mn

in the lunar surface, Earth Planet. Sci. Len. 20 (1973)

107-112.



552

[29]

K. Nishiizumi et al./ Earth attd Planetary Science Letters 148 (1997) 545-552

K. Nishiizumi, D. Elmore, X.Z. Ma, J.R. Arnold, I°Be and

_6Cl depth profiles in an Apollo 15 drill core, Earth Planet.

Sci. Lett. 70 (1984) 157-163.

[30] K. Nishiizumi, J. Klein, R. Middleton, J.R. Arnold, 26AI

depth profile in Apollo 15 drill core, Earth Planet. Sci. Lett.

70 (1984) 164-168.

[31] A.J.T. Jull, D.J. Donahuc, R.C. Reedy, Carbon 14 depth

profiles in Apollo 15 cores (abstract), Lunar Planet. Sci. 22

(1991) 665-666.

[32] G.P. Russ 1II, Apollo 16 neutron stratigraphy, Earth Planet.

Sci. Lett. 19 (1973) 275-289.

[33] J.S. Fruchter, J.H. Reeves, L.A. Rancitelli, R.W. Perkins,

History of the Apollo 17 deep drill string during the past fcw

million years, Proc. Lunar Planet. Sci. Conf. 10 (1979)

1243-1251.

[34] D. Fink, R. Middleton, J. Klein, P. Sharrna, arCa measure-

ment by accelerator mass spectrometry and applications,

Nucl. Inst. Methods B47 (1990) 79-96.

[35] L.A. Rancitelli, J.S. Fruchter, W.D. Felix, R.W. Perkins,

N.A. Wogman, Cosmogenic isotope production in Apollo

deep-core samples, Proc. Lunar Sci. Conf. 6 (1975) 1891-

1899.

[36] D. Fink, J. Klein, R. Middleton, S. Vogt, G.F. Herzog, 41Ca

in iron falls, Grant and Estherville: production rates and

related exposure age calculations, Earth Planet. Sci. Lett. 107

([991) 115-128.

[37] S. Vogt, G.F. Herzog, D. Fink, J. Klein, R. Middleton,

Cosmogenic nuclides in the H3 chondrite Dhajala (abstract),

Lunar Planet. Sci. 23 ([992) 1477-1478.

[38] J.R. Arnold, A Monte Carlo model for the gardening of the

lunar regolith, Moon 2 (1975) 157-[70.

[39] J.S. Fruchter, L.A. Rancitelll, J.C. Laul, R.W. Perkins, Lunar

regolith dynamics based on analysis of the cosmogenic ra-

dionuclides 22Na, 26AI, and 5XMn, Proc. Lunar Sci. Conf. 8

(1977) 3595-3605.

[40] G. Dagge, P. Dragovitsch, D. Filges, J. Briickner, Monte

Carlo simulation of martian gamma-ray spectra induced by

galactic cosmic rays, Proc. Lunar Planet. Sci. Conf. 21

(1991 ) 425-435.

[41] D. Garber, Brookhaven Rep. BNL-17541, 1975.



REVISED NOTE TO CONTRIBUTORS 25 OCTOBER, 1995

1. Submission of manuscripts
Contributions should be sent to one of the editors. Four copies of the manuscript including photographs, line-drawings and tables should be

submitted initially. Original line-drawings should not be sent until the final revised manuscript is submitted to the editor. Submission of an

article is understood to imply that the article is original and unpublished and is not being considered for publication elsewhere. Only the title

page and abstract should be provided on diskette with the original submission; this will be used when e-mailing potential referees.

With the submitted manuscript, authors should enclose the names and addresses and fax, phone and e-mail numbers of five suggested review-

ers. The editors will keep the identity of the reviewers anonymous but the reviewers may feel free to correspond directly with the authors if

they so desire. The responsibility for direct communication between the reviewer and the author must lie with the reviewer. With a view to

increasing the speed of publication authors are encouraged to revise within 6 weeks after receiving their reviews. At the editors' dis-

cretion, any revision received after this time limit may be regarded as a new submission that is subject to handling as a new paper.

Upon acceptance of an articie by the journai, the author(s) will be asked to transfer the copyright of the article to the publisher. This transfer

will ensure the widest possible dissemination of information. There is an "Express Letter Section" for short, topical papers. The maxi-

mum permissible length is 5 journal pages and the total time from submission to publication will be ca. 3 months. Please refer to the
announcement in this issue for more details. (a) Submission of electronic text In order to publish the paper as quickly as possible, after

acceptance authors are encouraged to submit the final text also on a diskette. Please see the full instructions in the last issue of this volume.

Authors are encouraged to ensure that the diskette version and the hardcopy are identical -- discrepancies can lead to publication of

the wrong version.

2. Length of papers
THE MAXIMUM PERMISSIBLE LENGTH OF PAPERS IS 15 PRINTED JOURNAL PAGES. A WORD COUNT MUST BE

PROVIDED ON THE TITLE PAGE OF MANUSCRIPTS. THERE ARE NO PAGE CHARGES.

3. Language
Manuscripts should be written in English only, and except for very short papers they should include a brief abstract.

4. Preparation of the text

(a) The manuscript should be prepared on a word processor and printed with double spacing and wide margins and include an abstract of not

more than 500 words. Also provide 4 to 6 keywords. These must be taken from the most recent edition of the AGI GeoRef

Thesaurus and should be placed beneath the abstract.

(b) Authors should use IUGS terminology. The use of S.I. units is also recommended.

(c) The title page should include the names of the authors, and their affiliation addresses and fax and e-mail numbers. In the case of more

than one author, please indicate to whom the correspondence should be addressed.

5. References
References should be limited to the minimum number necessary for citation of pertinent material. As a guide an average of 4 references per

printed page can be used, with a maximum of 50 references per article. References to internal reports, etc., are to be avoided (The state-

ment "personal communication" with publication date in the text is preferable.)
References to the literature should strictly follow the journal's format: the references should be numbered in the order in which they are cited,

and given in numerical sequence in the reference list at the end of the manuscript. The numbers should appear in the text in the appropriate

places using numerals in square brackets on the line. In the reference list, periodicals [i], books [2], multi-author books [3] and proceedings

[4], should be cited in accordance with the following examples:

I I.M. Villa, J.C. Huneke and G.J. Wasserburg, _'Ar recoil losses and presolar ages in AIlende inclusions, Earth Planet. Sci. Lett. 63, I-J2,

1983.

2 I.S.E. Carmichael, F.J. Turner and J. Verhoogen, Igneous Petrology, 739 pp., McGraw-Hill, New York, N.Y., 1974.

3 S.R. Taylor, Chemical composition and evolution of the continental crust: the rare earth element evidence, in: The Earth, its Origin,

Structure and Evolution, M.W. McEihinney, ed., pp. 2-44, Academic Press, London, 1978.

4 V.T. Bowen, H.D. Livingston and J.C. Burke, Distribution of transuranium nuclides in sediment and biota of the North Atlantic Ocean, in:

Transuranium Elements in the Environment, 1AEA Symp. Proc., pp. 107-120, 1976.

Abbreviations for titles of journals should follow the system used in the "Bibliographic Guide for Editors and Authors" published in 1974 by

the American Chemicai Society, Washington, D.C.

6. Tables and illustrations

Tables should be compiled on separate sheets. A title should be provided for each table and they should be referred to in the text. Tables can

also be sent as camera-ready versions to avoid errors in type-setting; a normal page-size reproduction of such tables should also be included

in the manuscript. Efforts should be made to make the size of the tables correspond to the format of the journal (max. i 5x20 cm).

(a) All illustrations should be numbered consecutively and referred to in the text.

(b) Illustrations should be lettered throughout, the size of the lettering being appropriate to that of the illustrations, but taking into acount the

possible need for reduction in size. The page format of the journal should be considered in designing the illustrations. All illustrations

must be originals, in the form of glossy figures or laser prints. Each illustration must be accompanied by a photocopy.

(c) Photographs must be of good quality, printed on glossy paper.

(d) Figure captions should be supplied on a separate sheet.

(e) Colour figures can be accepted providing the reproduction costs are met by the author. Please consult the publisher for further informa-

tion.

7. Pro_

To achieve the high speed of publication, no proofs are sent to the authors. Manuscripts should therefore be prepared with the greatest possi-

ble care, and the submission of negatives for tabular material is encouraged. Galley proofs may occasionally be obtained by making a special

request to the editor, with the understanding that this implies delay in publication.

8. Fifty free reprints
Fifty reprints of each article published are supplied free of charge. A form for ordering extra reprints will be sent to the corresponding author

on receipt of the accepted manuscript by the publisher.



Physics and Evolution of the
Earth's ! terior

Series now
complete!

Constituticn of the Earth's
Interior

Edited by J. tallwa
-Kopystynski and
R. Telsseyre

Physics and Evolution of the
Earth's Interior Volume 1

1984 xli + 368 pages
Dfl. 267.00 (US $152.50)
ISBN 0-444-99646-X

Seismic Wave Propagation
in the Earth

By A. Hanyga

Physics and Evolution of the
Earth's Interior Volume 2

1985 xvi + 478 pages
Dfl. 318.00 (US $181.75)
ISBN 0-444-99611-7

Continuum Theories In

Solid Earth Physics

Edited by R. Teisseyre

Physics and Evolution of the
Earth's Interior Volume 3

1986 xiv + 566 pages
Dfl. 376.00 (US $ 214.75)
ISBN 0-444-99569-2

Gravity and Low

- Frequency Geodynamlcs

Edited by R. Teisseyre

Physics and Evolution of the
Earth's Interior Volume 4

1989 xii + 478 pages
Dfl. 313.00 (US $176.75)
ISBN 0-444-98908-0

This six-volume series
deals with the most

Important problems of
solid Earth physics and

presents the most
general theories

describing contemporary
dynamical processes and

the Earth's evolution.

Six-Volume Set

Dfl, 1350.00 (US $ 771.00)
ISBN 0'444-81750-6

Evolution of the Earth and

Other Planetary Bodies

Edited by R. Telsseyre,
J. Leliwa-Kopyetyneki and
B. tang

Physics and Evolution of the
Earth's Interior Volume 5

"This volume is a competently
constructed up-to-date and
detailed summary of planetary
evolution. It is for the planetary
scientist above other fields; in
this category, the book
deserves a wide readership
simply for its breadth of
coverage. Researchers in
other fields will also find this a
book worth dipping into, and
whole lecture courses could be
based around its contents. It
appears that the initial wish to
discuss planetary evolution
across the solar system has
resulted in an intelligent,
advanced level treatise that will

become widely referenced
itself."

Earth-Science Reviews

ELSEVIER
SCIENCE 

1992 xil + 584 pages
Dfl. 370.00 (US $ 211.50)
ISBN 0-444-96833-5

Dynamics of the Earth's
Evolution

Edited by R. Teisseyre,
L. Czechowski and

J. Leliwa-Kopystynski

Physics and Evolution of the
Earth's Interior Volume 6

This sixth volume In the
monograph series Physics and
Evolution of the Earth's Interior
presents the problems of the
mature evolution of the Earth's
interior. It provides
comprehensive coverage of
the present state of the mantle
convection theory. The
relations between
paleomagnetism, plate
tectonics and mantle
convection theory are
discussed. A more general
view of the evolution based on
the thermodynan_ics of
irreversible processes is also
given.

1993 480 pages
Dfl.350.00 (US $ 200.00)
ISBN 0-444-98662-6

ELSEVIER SCIENCE B.V.
P.O. Box 1930
1000 BX Amsterdam
The Netherlands

P.O. Box 945
Madison Square Station
New York, NY 10160-0757

The Dutch Guilder (Dfl.) prices
quoted apply worldwide. US $
prices quoted may be subject
to exchange rate fluctuations.
Customers in the European
Community should add the
appropriate VAT rate
applicable in their country to
the price.


